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The voltage-dependent anion channel (VDAC) provides passage for adenine nucleotides, Ca2 + and other metabolites into and from
mitochondria. Here, the intracellular localization and oligomeric organization of VDAC in brain mitochondria and ER are demonstrated.
Immunohistochemical staining of VDAC in rat cerebellum showed high labeling of the Purkinje neurons. Immunogold labeling and EM
analysis of the cerebellar molecular layer showed specific VDAC immunostaining of the mitochondrial outer membrane, highly enhanced
in contact sites between mitochondria or between mitochondria and associated ER. Purified ER membranes contain VDAC, but not other
mitochondrial proteins. Chemical cross-linking of isolated mitochondria, ER or purified VDAC demonstrated the existence of VDAC in
oligomeric form. Based on the enrichment of VDAC in the junctional face of closely associated mitochondrial and ER membranes and
the existence of VDAC oligomers, we propose an involvement of VDAC in specialized intermembrane communication between
mitochondria or between ER and mitochondria, serving to complement the tight structural and functional coupling observed between
these organelles.
D 2004 Elsevier B.V. All rights reserved.Keywords: VDAC; ER and mitochondria; Cerebellum1. Introduction
The voltage-dependent anion channel (VDAC) controls
the passage of adenine nucleotides [1], Ca2 + [2], and other
metabolites [3] into and from mitochondria. Recent studies
have shown that VDAC also plays a role in apoptosis as a
constituent of the mitochondrial permeability transition pore
(PTP) [4–7]. VDAC reconstituted into phospholipid bilayer
(PLB), under the influence of a transmembrane voltage
gradient, undergoes transitions in its channel conductance
and ion selectivity [8–10].0005-2728/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbabio.2004.02.009
Abbreviations: DAB, 3,3V-diamino-benzidine tetrahydrochloride; DMS,
dimethylsuberimidate; DSP, dithiobis(succinimidylpropionate); EGTA,
ethylene glycol bis (aminoethylether) tetraacetate; EGS, ethylene glycol-
bis(succinimidylsuccinate); HRP, horseradish peroxidase; Mops, 3-(N-
morpholino) propanesulfonic acid; LDAO, N,N-dimethyldodecylamine-N-
oxide; PLB, planar lipid bilayer; PMSF, phenylmethylsulfonyl fluoride;
SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis
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E-mail address: vardasb@bgumail.bgu.ac.il (V. Shoshan-Barmatz).Accumulating evidence suggests that the regulation of
VDAC permeability is complex. In the outer mitochondrial
membrane (OMM), VDAC is normally closed and highly
regulated by metabolites, substrates, nucleotides, and asso-
ciated proteins, specifically, NADH [11], ATP [1,12] and
glutamate [13]. Additionally, VDAC is permeable to Ca2 +
and possesses Ca2 +-binding sites that modulate channel
activity [2]. VDAC also contains binding sites for hexoki-
nase and creatine kinase [14], MAP2 [15], benzodiazepine
receptor [16], adenine nucleotide translocator [14], and the
outwardly rectifying depolarization-induced chloride chan-
nel [17]. The Bcl-2 family of proteins may regulate apo-
ptosis via modification of VDAC channel, as part of the
mitochondrial apoptotic machinery [7].
Immunohistochemistry at the light and electron micros-
copy levels, together with biochemical and electrophysiolog-
ical methods, have revealed that VDAC, once thought to be
exclusively located in the OMM, is localized to non-mito-
chondrial cell compartments such as plasma membrane [18–
21], endocytotic vesicles isolated from renal cortex endo-
somes[22], sarcoplasmic reticulum [23–25] and isolated
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localization in extra-mitochondrial membranes has been
questioned [27]. Moreover, the function of this VDAC
remains unknown.
Several lines of evidence suggest structural and func-
tional coupling between mitochondria and neighboring ER.
Close association between ER and mitochondria has been
visualized by EM [28,29] and electron tomography studies
have identified a 15-nm diameter site of close contact
between the two organelles [30,31]. Furthermore, EM
tomographic reconstruction of mitochondria in situ has also
shown that mitochondria may occur in clusters together with
stacks of endoplasmic reticulum [32]. Functional interaction
between mitochondria and ER was demonstrated by the
close coupling between intracellular Ca2 + release channels
in the ER or SR and mitochondrial Ca2 + uptake systems
[33–39]. Together, these results suggest the existence of
cross-talk between mitochondria and ER. Such cross-talk is
important since, in addition to ATP synthesis, mitochondria
are critical for the modulation of the cell’s redox status,
osmotic regulation, pH control, cytosolic calcium homeo-
stasis and signaling [40]. In this study, we present evidence
that in the central nervous system, the junctions between
mitochondria and between mitochondria and ER are
enriched with VDAC.2. Materials and methods
2.1. Materials
Tris, HEPES, CHAPS, PMSF, leupeptin, BSA, Triton X-
100, CM-cellulose, and reactive red-agarose were purchased
from Sigma (St. Louis, MO). Dithiobis[succinimidylpropio-
nate] (DSP) was from Pierce. Lauryl-(dimethyl)-amineoxide
(LDAO) was obtained from Fluka and n-octyl-h-D-gluco-
pyranoside (h-OG) come from Bachem. Monoclonal anti-
VDAC antibodies against the N-terminal region of 31HL
human porin [41] were from Calbiochem (clone no. 173/
045). Affinity-purified anti-IP3R type 1 antibody (raised
against the C-terminal region of the protein) was provided
by G. Mignery (Loyola University, Chicago) and monoclo-
nal anti-RyR 34C antibody was obtained from the Develop-
mental Studies Hybridoma Bank (University of Iowa). Anti-
Tom20 antibodies were provided by M. Yano and M. Mori.
Alkaline phosphatase-conjugated goat anti-mouse IgG was
obtained from Promega and horseradish peroxidase (HRP)-
conjugated goat anti-mouse antibodies were from Protos
Immunoresearch (San Francisco, CA). Hydroxyapatite
(Bio-Gel HTP) was purchased from Bio-Rad and Celite
from the British Drug Houses (BDH).
2.2. Membrane preparations
Mitochondria and ER were isolated from rat brain by
standard procedure [42] with some modifications. Rat brainswere homogenized in cold buffer H (0.32 M sucrose, 4 mM
HEPES-NaOH, pH 7.4 containing protease inhibitor cock-
tail, Sigma) by 10 strokes at 900 rpm in a glass/Teflon
homogenizer. The homogenate was centrifuged for 10 min at
1000 g to yield pellet (P1) and a supernatant. This super-
natant was centrifuged at 12,000 g for 15 min, and the
obtained pellet represents crude mitochondria while the
supernatant was centrifuged at 100,000 g for 60 min to
yield crude ER, which was resuspended in sucrose buffer H.
Crude mitochondria were further purified on 25% percoll
prepared in buffer H and was centrifuged at 100,000 g in a
SW28 rotor for 1 h. For further purification, crude ER was
layered on a sucrose step density gradient formed from 1.3,
1.1, and 0.9 M sucrose (containing 10 mM HEPES, pH 7.4).
The gradients were centrifuged at 110,000 g in a SW28
rotor for 1.5 h. The membranes at the 1.3/1.1, 1.1/0.9 and
0.9/0.32 M sucrose interfaces were collected separately,
slowly diluted with 10 mM HEPES, pH 7.4 to a final
concentration of 0.32 M sucrose, and centrifuged at
100,000 g for 60 min. The pellets were resuspended in
sucrose buffer, frozen in liquid nitrogen, and stored at  80
jC. Protein concentration was determined according to
Lowry et al. [43].
2.3. Light microscopic immunocytochemistry
Adult rats were anesthetized and perfused with saline,
followed by 4% (wt/vol.) paraformaldehyde in phosphate
buffer (PB; 0.1 M Pi, pH 7.4). The cerebellum was
dissected, immersed in the same fixative overnight at 4
jC, cryoprotected by overnight incubation in 25% sucrose
and 3.5% glycerol in PB at 4 jC, rapidly frozen and
sectioned (12 Am thickness) with a cryostat. Immunocyto-
chemical labeling was carried out using the indirect 3,3V-
diaminobenzidine (DAB) deposit method. Cerebellum sec-
tions were incubated 1 h in blocking solution containing
50 mM Tris buffer, pH 7.4 (TB), 10% normal goat serum
(NGS), with or without 0.1% saponin or 0.3% CHAPS.
The sections were then incubated with the primary anti-
body (diluted in blocking solution) for 16 to 20 h at 4 jC.
Following three washes with TB, the sections were incu-
bated for 2 h with secondary antibody conjugated to HRP.
After washing, the peroxidase reaction was developed with
3,3V-diamino-benzidine tetrahydrochloride (DAB) (0.5 mg/
ml) and H2O2 (0.12%). The sections were again washed
and mounted with glycerol. Imaging was carried out with a
conventional microscope.
2.4. Electron microscopic immunocytochemistry
Following fixation with 4% paraformaldehyde and cry-
oprotection, cerebellum was sectioned sagittally at 60 Am
with a Vibratome. Sections were cryoprotected by incubation
for 60 min in 50 mM phosphate buffer, pH 7.5, containing
25% sucrose and 3.5% glycerol. Sections were then frozen in
liquid nitrogen and thawed (three to four times), to facilitate
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incubated in 10% NGS diluted in PB buffer, pH 7.4 for 60
min at room temperature, and then with the primary antibody
diluted in the blocking buffer overnight at 4 jC. After
washing, sections were incubated for 2 h with a secondary
antibody (Fab fragments conjugated to HRP) and the enzyme
activity was revealed using DAB. The DAB product was
then amplified with the ‘‘gold-substituted silver-intensified
peroxidase method’’ (modified from Ref. [44]). Staining
was followed by post-fixation in 2.5% (vol/vol) glutaral-
dehyde, and treatment with 2% (vol/vol) OsO4 for 60 min,
followed by serial dehydration in a series of graded
ethanol and propylen oxide incubations, and flat-embedded
in Epon 812. Ultrathin sections (silver-gold) were collect-
ed, mounted on formvar-coated slot grids, lightly stained
with uranyl acetate, and then examined with a Jeol 1010
electron microscope.
2.5. In situ hybridization
Fixed paraformaldehyde (4%) and cryoprotected rat or
mouse brains were cryo-sectioned at 20-Am thickness.
cDNAs for mouse VDAC1, VDAC2 and VDAC3 were
kindly provided by W.J. Craigen. Sense and antisense
RNA probes were synthesized by in vitro transcription
of the three cDNAs subcloned into pBluescript SK+, and
labeled using [33P]UTP. The template plasmid for the
antisense and sense riboprobes (at identical total levels
of labeling) was linearized with XhoI and SacI, respec-
tively. The antisense and sense transcripts were obtained
by using T3 and T7 RNA polymerases (Promega), respec-
tively. The transcription reaction was carried out by
incubating about 1 mg of linearized plasmid with 10 units
of T3 or T7 RNA polymerase, for 2 h at 37 jC. Alkaline
hydrolysis of the probes was carried out for 30 min at 60
jC. In situ hybridization was carried out as described [45].
Prehybridization was performed in equilibration solution
containing 50% (v/v) formamide and 10% (w/v) dextran
sulfate and 1 Denhardt’s solution at 56 jC for 2 h.
Hybridization was performed in prehybridization solution
with the addition of 0.5 mg/ml tRNA and 107 cpm/slide of
RNA probe, and carried out overnight at 56 jC. Sections
were washed as follows: 2 SSC at 56jC for 30 min and
0.1 SSC at 56jC for 3 h, dehydrated, dried and exposed
to Kodak NBT-2 emulsion (Eastman Kodak) for 2 weeks
at 4 jC.
2.6. Cross-linking experiments
Cross-linking was carried out using the thio-cleavable
cross-linking reagent DSP or the non-cleavable reagents
EGS and DMS. Membranes (1 mg/ml) or purified VDAC
(0.2 mg/ml) were incubated with either cross-linking reagent
for 10 min at 30 jC in a solution containing 10 mM Tricine,
pH, 8.2. When DSP was used, samples were treated with
SDS-PAGE sample buffer lacking h-mercaptoethanol.2.7. Purification of VDAC and VDAC cross-linked products
VDAC and VDAC-cross-linked products were isolated
from mitochondria before or after treatment with DSP,
respectively, by solublization with LDAO and chromatog-
raphy on hydroxyapetite and carboxymethyl cellulose, as
described [10]. To analyze the polypeptide composition of
the VDAC-containing adducts, duplicate sample containing
purified VDAC and [VDAC-protein] complexes were
separated by SDS-PAGE. One lane was excised from the
gel and exposed to 2% h-mercaptoethanol and 10 mM
DTT for 60 min at 37 jC for cleavage and on a second gel
that was subjected to either immunostaining or silver
staining.
2.8. Ca2+ accumulation
Ca2 + accumulation by freshly isolated rat liver mito-
chondria (0.3 mg/ml) was assayed for 2 min at 30 jC in the
presence of 3 mM ATP, 3 mM MgCl2, 0.15 mM CaCl2
(containing 45Ca2 + 3 104 cpm/nmol), 220 mM mannitol,
70 mM sucrose, 1 mM Pi and 15 mM Tris/HCl, pH 7.2.
Ca2 + uptake was terminated by rapid Millipore filtration
followed by a wash with 5 ml of 0.15 M KCl.
2.9. Gel electrophoresis and immunoblot analyses
Protein profile analysis was performed by SDS-PAGE
[46]. Gels were stained with Coomassie brilliant blue or
silver. Western blot analysis was carried out by standard
procedure [47]. For immunostaining, the blotted mem-
branes were blocked with 5% non-fat dry milk and 0.1%
Tween-20 in Tris buffered-saline, incubated with monoclo-
nal anti-VDAC (1:7500), anti-RyR (1:7500) or anti-IP3R
(1:5000) antibodies or polyclonal anti-Tom-20 (1:500)
antibodies. The secondary antibodies used were HRP-
conjugated anti-mouse or anti-rabbit antibodies
(1:10,000). Labeled bands were visualized using enhanced
chemiluminiscence.
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3.1. Distribution of VDAC mRNAs
The distribution of the mRNAs encoding for different
VDAC isoforms in whole rat and mouse brain and cerebel-
lum was analyzed by in situ hybridization (Fig. 1). Sense
and anti-sense cRNA probes for VDAC1, VDAC2, and
VDAC3 were labeled with 33P and hybridized with brain
and cerebellar sections. Only anti-sense probes gave strong
labeling, while labeling with sense riboprobes was very
weak. Although the hybridization pattern obtained was
similar for the different isoforms, hybridization intensity
greatly varied and revealed VDAC1 as most abundant,
followed by VDAC2 and VDAC3 (Fig. 1A). In the cere-
Fig. 1. Distribution of VDAC1, -2 and -3 mRNAs in mouse brain. Mouse
brains were fixed in buffered paraformaldehyde (4%), 20-Am-thick frozen
sections were obtained, and in situ hybridization using anti-sense 33P-labeled
riboprobes complementary to VDAC1, -2 or -3 was performed. (A) Brain
sections were exposed to Kodak NBT-2 emulsion as described in Section 2.
For negative control, sections were hybridized with the sense probe. (B)
Dark-field photomicrographs of sagittal cryosections from mouse cerebel-
lum were in situ hybridized to an anti-sense 33P-labeled riboprobe
complementary to VDAC1 mRNA as described in Section 2, and
photographed under low magnification (objective lens 4). The level of
labeling in adjacent sections hybridized with sense probes was similar to
unlabeled (background) regions. (C) Bright field photograph of section in B.
(D) Bright-field photomicrograph at higher magnification shows labeling in
Purkinje cells and the granular cell layer. GL, granular layer; ML, molecular
layer; PC, Purkinje cell; WM, white matter. Bars correspond to 100 Am for B
and C and to 10 Am for D.
Fig. 2. Cerebellar VDAC immunohistochemistry. Sagittal sections from rat
cerebellum were immunolabeled for VDAC using monoclonal anti-VDAC
antibodies (1:1000) and HRP-conjugated secondary antibodies. (A) A
section through the cerebellum shows prominent immunoreactivity in the
cerebellar cortex, with dense labeling of the molecular layer (ML) and
lighter labeling in the granular cell layer (GL). Large cells between the
ML and the GL are labeled very intensively. (B) A high-magnification
view shows that the large cells are Purkinje neurons in which both cell
bodies and dendrites were strongly labeled. Scale bar for A, 500 Am; for
B, 200 Am.
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cells (Fig. 1B–C) and throughout the granular cell layer
(Fig. 1C). No hybridization signal above background was
detected in either the molecular layer or the white matter
core of the cerebellum.
3.2. Cellular localization of VDAC in the cerebellum
To localize VDAC protein in the cerebellum, immunos-
taining of sagittal cerebellar sections with a monoclonal
antibody against VDAC was carried out. The specificity of
this antibody has been well established, having been used
in different membranal preparations (mitochondria, SR and
ER) from rat liver and brain, rabbit muscle, bovine, rat and
guinea pig retina, Xenopus oocytes, Torpedo electric organ.
In all cases, the antibody labeled one major 36-kDa band
and a minor 30-kDa protein (see Refs. [2,10,23–25] and
Fig. 6B). Immunostaining for VDAC was strong in the
molecular layer and weaker in the granular cell layer(Fig. 2). Distinct and strong labeling of Purkinje cells
was readily detected both in their cell bodies, located
between the molecular and the granular cell layers, and
in their dendritic arbors, located in the molecular cell layer
(Fig. 2B). No staining was observed in the white matter
core of the cerebellum.
3.3. VDAC is localized to the OMM and is enriched at
contact sites between mitochondria
To directly visualize the subcellular distribution of
VDAC, pre-embedding immunocytochemistry was carried
out on sagittal sections of rat cerebellum, and the molec-
ular layer was examined using the electron microscope.
As expected, VDAC was localized to the OMM, whereas
no labeling of the inner membrane was detected (Figs. 3
and 4). Staining was often noted around the entire
perimeter of the mitochondrion (as in Figs. 3C and 4B),
but was strongest at contact sites between clusters of
mitochondria (Fig. 3A–C). In an area of 252 Am2, we
Fig. 3. VDAC is localized to contact sites between mitochondria. Cerebellum was fixed and sectioned as described in Section 2, except that sections were
incubated with 1% sodium-borohydrate in phosphate buffer for 30 min. Sections were immunolabeled for VDAC (using monoclonal anti-VDAC antibodies
(1:1000) and HRP-conjugated secondary antibody), followed by the DAB amplification method (gold-substituted silver-intensified peroxidase method)
according to Van Den Pol [44]. Sections were processed for EM as described in Section 2. Electron micrographs are of the molecular layer. Stain is localized to
mitochondrial outer membrane (OMM, arrows) with tendency to concentrate at contact region between mitochondria (arrowheads). (D) Low background
staining was observed when the primary antibody was omitted. m, mitochondrion. Scale bars are 250 nm.
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junctions) were stained with anti-VDAC. For this pur-
pose, we classified a mitochondrion as stained if its
membrane was labeled with at least 2 grains of gold.
These mitochondria often came to a close contact; we
defined these contacts as junctions if the membranes of
neighboring mitochondria were less than 15 nm apart (an
average distance was 10.2F 1.0 nm, n = 25). In the region
analyzed, among 41 junctions, more than half (24 junc-
tions) were stained for VDAC. In control experiments,Fig. 4. VDAC is highly enriched in ER associated with mitochondria. Immunostain
that immunostaining is localized to ER membrane (arrows), especially to portions
the primary antibody was omitted. Scale bars are 125 nm.when the primary antibody was omitted, background
staining was very low: in an area of 50 Am2, 78
mitochondria were unstained and 1 mitochondrion was
lightly stained (Fig. 3D).
3.4. VDAC immunoreactivity is enhanced in ER associated
with mitochondria
Further examination of the electron micrographs revealed
that labeling was not restricted to OMM, but was also founding was carried out as described in Section 2. (A to E) Micrographs showing
that contact mitochondria. (F) Low background staining was observed when
Fig. 5. VDAC is present in purified ER membranes. Crude and purified
mitochondria and purified ER membranes were subjected to SDS-PAGE,
and immunoblotting using anti-VDAC, anti-Tom-20, anti-RyR (C34,
recognizing all RyR isoforms) or anti-IP3R-1 antibodies. Immunoblots
were developed with ECL and analyzed as described in Section 2. Note that
in the 0.32/0.9 fraction, Tom 20 is undetectable and VDAC is present in
significant amount.
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4). The morphology of these structures, closed tubular sacs
(or cisternae), is clearly that of ER [48]. VDAC immu-
nostaining was detected in ER membranes associated with
mitochondria (Fig. 4A–E), but not in ER membranes far
from mitochondria. In the area analyzed above, 19 ER
cisternae associated with mitochondria were less than 20
nm apart (an average distance was 13.3F 1.0 nm, n = 15)
and 13 of those junctions were strongly stained for
VDAC. Again, when the primary antibody was omitted,
no staining of either mitochondria or ER was observed
(Fig. 4F).Table 1
Distribution of mitochondrial and ER proteins in crude and purified mitochondri
Membrane preparation Succinate-cytochrome c
oxido-reductase activity
Immunostaining int
Control (%) Antimycine
inhibition (%)
VDAC To
Crude mitochondria 19.0F 2.7 52.6 68.3F 5.4 4
Pure mitochondria 100.0 87.1 100.0 10
Crude ER 5.2F 1.2 84.6 39.8F 5.3 1
Fraction 0.32/0.9 0 NA 35.2F 9.8
Fraction 0.9/1.1 2.5F 0.5 68.0 47.6F 8.1 1
Fraction 1.1/1.3 16.6F 2.2 84.3 82.5F 5.4 4
Membrane preparations were obtained and enzyme activity, immunostaining an
activities (100%) in nmol/mg protein/min were: 222F 8 for succinate-cytochrome
reactions were carried out in the presence of FCCP (1 AM) or antimycine (1 AM
fractions obtained upon subjecting crude ER to sucrose gradient-centrifugation.
scanning (Molecular Dynamics) using Image Quant software provided by the man
protein was obtained. The values shown correspond to meanF S.E. of 3–10 exp3.5. VDAC is present in purified ER membranes
To further check if VDAC is present in the ER, crude and
purified ER and mitochondria fractions were isolated and
analyzed for the presence of mitochondria- and ER-specific
proteins. As expected, pure mitochondria fraction, identified
by the presence of Tom-20 and lack of Ins3PR and RyR,
contained VDAC (Fig. 5 and Table 1). However, ER
membranes, identified by the presence of the intracellular
Ca2 + release channels, ryanodine (RyR), and Ins3P recep-
tors, also contained VDAC. This is not due to mitochondrial
impurity because further purification of the crude ER frac-
tion yielded three membranal fractions, of which the fraction
isolated from the 0.32/0.9M sucrose interface was shown to
be completely free of mitochondrial markers (Fig. 5 and
Table 1). First, the specific activity of succinate-cytochrome
c oxido-reductase, a mitochondrial inner membrane marker
enzyme, in the purified ER fraction was equivalent to less
than 0.01% of the activity detected in purified mitochondria.
Second, it is known that Ca2 +-uptake by mitochondria, but
not by ER, depends on the membrane potential which is
maintained by the electron transport. No such transport was
observed in the purified ER fraction. Third, as expected,
ATP-dependent Ca2 + accumulation was obtained in the
purified ER fraction. Since ATP can be used by the H+-
ATPase (FoF1) to produce membrane potential and thereby
to support Ca2 + accumulation, the sensitivity of the mea-
sured transport to the protonophore FCCP can indicate the
level of purity. The purified ER fraction exhibited FCCP-
insensitive Ca2 + uptake, whereas the uptake of Ca2 + by
mitochondrial fractions was completely inhibited by FCCP.
Finally, Tom 20, a specific OMM protein, was not detected
in the purified fraction. Despite the high level of purity of
this ER fraction, the amount of VDAC was about 30% that
of the pure mitochondrial fraction (Table 1). Thus, in accord
with the EM immuno-localization (Fig. 4), we conclude that
VDAC is not restricted to the mitochondria, but is also
present in ER membranes.
iophysica Acta 1657 (2004) 105–114a and ER fractions
ensity (relative amount) Ca2 + accumulation
m-20 RyR IP3R Control (%) FCCP inhibition
(%)
2.3F 7.4 29.3F 6.5 65.4 44.6F 16.4 88.0
0.0 0.9F 1.9 0.6 100.0 99.0
8.0F 6.9 89.5F 3.4 88.7 31.5F 6.4 39.0
4.5F 1.9 87F 5.8 100 27.4F 5.7 6.9
7.2F 8.5 95F 6.7 69.5 21.3F 1.8 31.5
5.2F 7.9 48.2F 3.4 62.5 21.5F 5.4 48.4
d Ca2 + accumulation were carried out as described in Section 2. Control
c oxido-reductase and 282F 38 for Ca2 + accumulation. Where indicated,
). Fractions 0.32/0.9, 0.9/1.1 and 1.1/1.3 M sucrose represent membrane
Quantitative analysis of the immunoblots was performed by densitometric
ufacturer. A linear relationship between the density units and the amount of
eriments. NA= not attempted.
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membranes
Fig. 6 shows cross-linking experiments in which crude
and purified mitochondria or ER were exposed to the thiol-
cleavable reagent DSP. Upon cross-linking of mitochondria,
three major new anti-VDAC antibody cross-reactive protein
bands, with apparent molecular masses of 69, 95 and 137
kDa, appeared (Fig. 6B and C). These protein bands may
represent VDAC dimers trimers and tetramers, but may also
represent more complex structures containing other proteins.
Identical cross-linked products were obtained when brain or
liver mitochondria were cross-linked with DSP, using the
non-cleavable reagent EGS (data not shown) or when
purified ER (0.32/0.9M sucrose gradient fraction, Fig. 6D)
were cross-linked.
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(1 mg/ml) were incubated in 10 mM Tricine, pH 8.3 for 10 min at 30 jC wi
electrophoresis lacking h-mercaptoethanol was added, and the samples were subje
C) Coomassie staining and immunoblot of different membrane preparations, where
HEPES, 25 mM NaHCO3, 1 mM MgCl2 and 3 mM KH2PO4, pH 7.2. (D) Immuno
by sucrose gradient. The molecular masses of VDAC-containing adducts are in
dimension SDS-PAGE, and after treatment with 5% h-mercaptoethanol and
immunostaining. (F) Purified VDAC was cross-linked with EGS (120 AM) or DMS
masses of VDAC-containing adducts are indicated.The composition of the 69- and 95-kDa cross-linked
protein bands recognized by the anti-VDAC antibodies was
analyzed upon their purification from DSP cross-linked
mitochondria (see Section 2) and dissociation into their
constituent components upon exposure to h-mercaptoetha-
nol and DTT before being subjected to second dimension
SDS-PAGE (Fig. 6E). Using silver staining (not shown) or
immunostaining, the results showed that VDAC is the only
protein band obtained, and that the 95-kDa protein band was
cleaved to VDAC, and the 69-kDa was cleaved to mono-
meric VDAC, confirming the dimeric and trimeric nature of
the 69- and 95-kDa protein bands.
To analyze the oligomeric state of purified VDAC, cross-
linking of CM-cellulose and h-octylglucoside-purified
VDAC was carried out using EGS, DMS (Fig. 6F) and
DSP (not shown) in the presence of 0.5% h-octylglucoside.oligomerization. Crude mitochondria, crude ER and purified mitochondria
th the cleavable cross-linking reagent DSP (100 AM). Sample buffer for
cted to SDS-PAGE and immunoblotting using anti-VDAC antibodies. (A–
in C, cross-linking was carried in a buffer containing 150 mM KCl, 20 mM
blot of DSP (100 AM) cross-linked crude ER and its sub-fractions obtained
dicated. (E) VDAC cross-linked products were purified, subjected to first
5 mM DTT, subjected to second round of SDS-PAGE followed by
(10 mM), and subjected to SDS-PAGE and immunostaining. The molecular
V. Shoshan-Barmatz et al. / Biochimica et B112All three cross-linking reagents yielded only two products
of 69 and 95 kDa. Thus, the formation or stabilization of
VDAC dimers and trimers by cross-linking of mitochondrial
or purified VDAC suggests that VDAC is most probably
organized in higher-ordered structure.4. Discussion
Using membrane fractionation and immunohistochemis-
try at the electron microscope, we show here that VDAC is
localized to the outer membrane of the mitochondria and is
especially enriched in junctions between neighboring mito-
chondria. VDAC is also present in ER membranes that
contact neighboring mitochondria. Using cross-linking
experiments, we show that VDAC appears to exist as dimer
to tetramer.
The presence of VDAC on the ER membranes suggests a
role for the protein in this organelle. This role is most likely
related to the properties of VDAC as a channel with its large
pore size, high conductance and permeability to ions,
nucleotides and Ca2 +. Accordingly, we suggest that VDAC
is a multifunctional channel, controlling the activity of
mitochondria and communication between mitochondria
and associated membranes, by transporting Ca2 +, ATP and
other metabolites. A schematic model illustrating these ideas
is presented in Fig. 7.Fig. 7. Proposed structural and functional interactions between mitochon-
dria and between mitochondria and ER. (A) EM micrographs showing
immunostaining of VDAC using immunoperoxidase staining and secondary
antibodies conjugated to HRP, with the enzyme activity revealed with
DAB. The reaction product is shown as a dark stain associated with
mitochondria and closely associated membranes (ER). (B) Schematic
diagram of A, representing the mitochondrial membranes (m), the
endoplasmic reticulum (ER) membrane and the plasma membrane (PM).
(C and D) Enlargements of the marked squared areas in B. VDAC
(represented as an cylindrical channel) is located both in ER and
mitochondrial outer membrane as a monomer, a dimer, trimer or a higher
oligomeric structure, providing the pathway for the cross-talk between the
two cellular organelles. The Ca2 + release channel and Ca2 + ions (circles)
are also presented. (For color see online version).4.1. Subcellular localization of VDAC in cerebellum
The mRNA for the three known VDAC isoforms, albeit at
different quantities, are present in brain (Fig. 1). Currently, it
is unclear whether the different VDAC isoforms are func-
tionally equivalent. It has been shown that VDAC1 and
VDAC2, but not VDAC3, are able to complement the yeast
phenotypic defect associated with a lack of endogenous
VDAC, suggesting a function for VDAC3 distinct from that
of VDAC1 and VDAC2 [49]. Cell-specific localization of
VDAC1 and VDAC2 in bovine testis [50] and changes in the
levels of VDAC1 and VDAC2 in Alzheimer’s disease and
Down’s syndrome were reported [51]. Since the VDAC
antibody used in this study recognizes all three VDAC
isoforms, the possibility that, in the cerebellum, different
isoforms possess different localization and functions remains
open.
Localization of VDAC using anti-VDAC antibodies at
the light microscope level revealed prominent VDAC
staining in Purkinje cells, probably due to the large size
of the dendrites and high content of mitochondria.
Electron microscopy showed, as expected, specific local-
ization of the VDAC to mitochondrial outer membrane.
The most intriguing finding of these immunolocalization
studies was that VDAC labeling tended to concentrate on
membranes that contact neighboring mitochondria or ER
(Figs. 3 and 4). This cannot be due to differential
accessibility of the antibody to these sites, because the
membranes that face the cytosol should be more, rather
than less, accessible than membranes facing another
organelle. This observation is in agreement with Kostan-
tinova et al. [52], who showed that VDAC in cardiac
mitochondria also tends to concentrate at tight junctional
structures between mitochondria.
4.2. VDAC oligomers may contribute to communication
between mitochondria
Our observations that VDAC is enriched in the junctional
face of closely-associated mitochondria (Fig. 3) and that
VDAC molecules can be fixed as dimers to tetramers (and
possibly higher molecular mass complexes; Fig. 6) suggest
that VDAC might be part of an oligomeric structure,
consisting of a VDAC–VDAC complex, connecting two
adjacent membranes. The existence of VDAC in purified rat
liver and in N. crassa as a dimer, and possibly as a higher
oligomeric form, was reported [53–56].
VDAC in connecting zones between mitochondria may
function in specialized communication between mitochon-
dria, providing a pathway for cross-talk (see Fig. 7), such as
for electrical conductance between mitochondrial filaments
or clusters that form power-transmitting cables [57]. This
cross-talk between adjacent mitochondria may explain the
synchronization in PTP opening, in which its opening in one
mitochondrion triggers opening of PTPs in neighboring
mitochondria [58].
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mitochondria and ER
It is now accepted that interplay between mitochondrial
function and cellular Ca2 + signaling exists [33–39]. Phys-
iological studies showing an increase in mitochondrial
matrix Ca2 + levels upon stimulation of ER-localized RyR
and/or Ins3PR [33–39,59] suggest the existence of link
between the two organelles. In addition, it has been shown
that there is an association between smooth ER and mito-
chondria that is regulated by cytosolic free Ca2 + levels [31].
The intimate functional and physical relationship between
mitochondria and ER may suggest the existence of a
regulated multimeric structure that ensures free passage
for ATP, Ca2 + and other metabolites between mitochondria
and ER. Furthermore, a role for ER-mitochondrial connec-
tion was proposed to modulate the ability of mitochondria to
undergo apoptosis [35,60], where the sensitivity to apoptotic
stress depends on Ca2 + transport from the ER into the
mitochondria [61]. Our observation that VDAC is enriched
in junctions between mitochondria and ER and that it exists
as oligomers suggests that VDAC might play this role. This
suggestion is supported by the recent demonstration that
expression of recombinant VDAC enhances the inter-organ-
elle flow of ER Ca2 + to mitochondria [59]. Nonetheless, the
possibility that VDAC associated with membranal regions
of close contact between OMM and ER is not directly
involved in establishing the physical connections could
not be ruled out, and the precise function of VDAC in the
ER/SR remains to be established.
In summary, VDAC localized at the junction between
mitochondria and between ER and mitochondria, transport-
ing Ca2 +, ATP and other metabolites in a monomeric or
oligomeric form, may play an important role in the struc-
tural and functional coupling between ER and mitochondria,
and between mitochondria. As such, VDAC acts as a
multifunctional channel controlling the mitochondrially me-
diated energy and Ca2 + homeostasis of the cell, as well as
the communication between mitochondria and associated
organelles.
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